cal method can determine whether increases in miscarriage are due to fetal genotype, maternal genotype, or both despite censoring.
Introduction
Fetal and maternal factors may be equally important in the establishment and maintenance of the placental/ maternal arterio-venous anastomoses. When increased risk of thrombosis arising from the physiologic hyperestrogenemia of pregnancy is superimposed on familial thrombophilia and/or hypofibrinolysis, then uterine and placental arteries may become thrombosed, leading to vascular uteroplacental insufficiency, and thence to adverse pregnancy outcomes and fetal loss [1, 2] . Polymorphisms in Factor V Leiden, the 4G mutation in the plasminogen activator inhibitor (PAI-1) gene, the CT mutation in the methylenetetrahydrofolate reductase (MTHFR) gene, and the G20210A prothrombin gene have all been implicated in sporadic and recurrent miscarriage [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . An increase in placental infarcts has been observed when the fetus carries the same gene polymorphism [18] . Both maternal and fetal clotting problems probably increase miscarriage rates.
Thus, if one genotyped maternal-fetal dyads, one should find miscarriages in the order of probability shown in table 1 . Whether the miscarriage rate is higher in the group with only maternal thrombophilia and/or hypofibrinolysis than in the group with only fetal thrombophilia and/or hypofibrinolysis, or when mother and fetus are both affected is open to speculation. The true ordering of the rates of miscarriage for the groups when the mother and the fetus are discordant reflects the relative importance of the fetal and maternal contributions to the establishment of good placental circulation.
A conceptus is technically the diploid bundle of cells that exists after conception but before implantation. A fetus refers to a conceptus that has successfully implanted in the endometrium. Because miscarriage can occur at any time during a pregnancy, we will refer to fetuses throughout the manuscript, even though it is possible that implantation has not yet taken place.
The current biostatistical literature for analyzing any combined maternal-fetal-placental risk assumes that the receptivity of the uterus and the viability of the embryo are independent [19, 20] . If maternal and fetal tendencies to thrombophilia and/or hypofibrinolysis can both affect the pregnancy outcome, this assumption must be invalid. Because the fetus inherits half of its genome from its mother, the uterine receptivity and the fetal viability are dependent.
Because the fetal genotype for miscarriage is censored, and may be observed only after a live birth, estimating genetic risk is complicated. The published statistical methods either do not allow for widespread censoring, or require typing members of the extended family. The current literature does allow assessing the relative contribution of the parents and the offspring in diseases where a live birth occurs, such as sudden infant death syndrome and many birth defects. However, in the case of miscarriage, or genetic defects that are lethal long before birth, the degree of censoring prevents use of published statistical methodology. The transmission/disequilibrium test (TDT) requires genotyping of the parents and the 'affected' offspring [21] , in this case, the miscarried fetus, which is often impossible. Sebastiani et al. [22] are able to provide envelope boundary estimates, despite missing offspring, but cannot provide estimation of exact miscarriage risk. While Mitchell et al. [23] suggest methods for discerning maternal and fetal synergistic effects, their method requires grandparents' genotype. Finally, Wilcox et al. [24] , advocate using a log-linear model for case-parent triads, under the assumption that 'the parent's fertility and the survival of the fetus to diagnosis are unrelated to the genotype under study'. This assumption can only be relaxed if 'the probability of survival among fetuses who have developed the defect is independent' of the allele counts of mother, father, and child, respectively. Neither of these two assumptions is true in our case.
New statistical methods are needed that explicitly model both maternal and fetal contributions to miscarriage risk, despite censoring due to fetal loss. In this paper, we describe such methods. In Section 2, we propose a study of miscarriage and gene effects. In Section 3 we describe a multinomial model, and show how it can be used to estimate miscarriage risk accurately, and test hypotheses about the causes of miscarriage. In Section 4 we conduct power analyses for three possible studies of the effect of common thrombophilic and/or hypofibrinolytic genes on miscarriage. Section 5 is the discussion and conclusion.
Study Design
We make several simplifying assumptions. The matings are independent of the genotype at the locus of interest. That is, people are assumed not to choose their reproductive partner on the basis of their thrombophilic or hypofibrinolytic gene mutations. We assume that the alleles at each locus are inherited according to Mendelian expectations: independent assortment and no segregation distortion. Imprinting is assumed to have no effect. All conceptions, all miscarriages and all live births are observed. That is, even if the genotype of the fetus is not observed, we know the outcome of each pregnancy. Occasionally, germ line mutations occur, leading the fetus to have different alleles than those carried by either the mother or the father. This typically occurs at extremely low frequencies, so we make the simplifying assumption that it will not occur to offspring in the study. The design we consider largely mirrors that of the North Carolina Early Pregnancy Study [25] . We will recruit mating pairs. Both the man and the woman must be willing to be genotyped for the genetic defect of interest. The women must be of child-bearing age, and must wish to become pregnant. All women entered into the study must have had assessment by reproductive endocrinologists, which may include pelvic ultrasound, hysterosalpingogram, CT and MRI as appropriate, and male partner sperm evaluation to rule out non-inherited causes of miscarriage and infertility. Women who have male partner infertility, anatomic barriers to conception, insufficient hormonal production (peri-menopause and menopause), Mullerian fusion abnormalities, infectious diseases, ovulatory dysfunction or luteal phase defect will be excluded. These are all causes of infertility and/or miscarriage and are not related to heritable thrombophilia-hypofibrinolysis. The women must not be undergoing hormonal treatment with endogenous progesterone, estrogen, or human chorionic gonadotropin.
Women will collect their urine each morning and test it with a First Response, Early Results home pregnancy test. Characteristics of this home pregnancy test have been quantified by the USA hCG Reference Service, Department of Obstetrics and Gynecology, School of Medicine, University of New Mexico, Albuquerque, N.M., USA. The test is accurate to 12.5 mIU/ml hCG [26] , and has 95% confidence to detect pregnancy the first day after missed menses. Women whose home pregnancy test yields a positive result will visit their family doctor for verification of the pregnancy and report the clinical findings to us. Follow-up on pregnant women will determine if the pregnancy led to a live birth.
The women and their male partners will be genotyped. For ethical and practical reasons, we cannot genotype fetuses that are miscarried. After any live birth, the neonate will be genotyped using a sample of umbilical cord blood.
To allow one set of likelihood equations for both a dominant and recessive model of inheritance, we adopt the following notation. Under the assumption of a recessive mode of inheritance, let m indicate the thrombophilic-hypofibrinolytic polymorphism, and M indicate the wild type allele. Under the assumption of a recessive mode of inheritance, a person can express the thrombophilic-hypofibrinolytic phenotype only if they are homozygous for the recessive polymorphism and carry mm . Note that we do not assume complete penetrance. Heterozygotes ( mM ) and wild type homozygotes ( MM ) are unaffected.
For a dominant model of inheritance, let M indicate the thrombophilic-hypofibrinolytic polymorphism, and m indicate the wild type allele. Under this model form, heterozygotes ( mM ) and homozygotes ( MM ) may be affected, and homozygous wild types ( mm ) are unaffected.
Families can be classified into nine mating types depending on the genotype of the mother and the genotype of the father, both of which can always be observed. For example, the mating type where both parents are heterozygous can be labeled mM , mM , where the first genotype is the mother's and the second is the father's. Let i D {1, 2, …, 9} index the mating types. The nine mating types, with their index given in parentheses, are (1) mm , mm ; (2) mm , mM , (3) mm , MM ; (4) mM , mm ; (5) mM , mM ; (6) mM , MM ; (7) MM , mm ; (8) MM , mM ; and (9) MM , MM . This setup is described in table 2 .
In this study we will observe the number of conceptions, live births, miscarriages, and elective abortions in each of the 9 mating types to account for all possible pregnancy outcomes. Here we introduce some notation for the observed and unobserved data. be the total number of live births for the i -th mating type. Notice that not all three genotypes of fetuses will be expressed in every mating type, and only the offspring who are born alive can be genotyped. The total number of conceptions is equal to the total number of live births plus the total number of miscarriages in each family category (
Estimation of Miscarriage Rates
Calculating the miscarriage rates from observed data in table 2 would be simple if all fetuses could be genotyped. Because the miscarried fetuses are not genotyped, the problem becomes more complicated. 
Notice that the genotype of miscarried fetuses is unobserved, N i , C i and B i are the number of live births, conceptions and miscarriages for the i-th mating type, respectively.
Our goal is to estimate the following conditional miscarriage probabilities, = Pr{Miscarriage ͉ Mother and fetus are mm } = Pr{Miscarriage ͉ Mother is mm ; fetus is not mm } = Pr{Miscarriage ͉ Mother is not mm ; fetus is mm } = Pr{Miscarriage ͉ Neither mother nor fetus are mm }. (1) The null hypothesis is that the conditional miscarriage rates shown in Equation 1 are all the same. This occurs only if maternal and fetal genotype had no effect.
The alternatives of interest are (1) that miscarriage is affected only by the maternal genotype; (2) that miscarriage is affected only by the fetal genotype; (3) that maternal genotype or fetal genotype, or both contribute to the miscarriage rate. Each hypothesis corresponds to constraints on the miscarriage rates. Under the null hypothesis, the miscarriage rate is the same no matter what the maternal or the fetal genotype is, so H 0 is = = = . Under alternative 1, only the maternal genotype has an effect, so H 1 is { = } 1 { = } 1 { 0 }. Under alternative 2, only the fetal genotype has an effect, so H 2 is { = } 1 { = } 1 { 0 }. Under alternative 3, all the rates could be different, so H 3 is 0 0 0 .
The derivation of the likelihood under the null and the alternatives depends on the constraints on the parameters and two further assumptions. First, we assume that we can use Mendelian laws to predict the probability of conceiving a fetus of a given genotype, given the parental genotypes. Secondly, we assume that the genotype of the father does not affect the outcome of the pregnancy once the genotype of the fetus has been determined. Mathematically, that means that one can write, for example:
Then the likelihood under the null, and under each alternative is the product of independent multinomials, and is shown in the Appendix. The likelihood ratio test allows one to decide which likelihood, and thus which hypothesis, is more probable, given the observed data. To differentiate among the hypotheses, there are several strategies that might be used, depending on the a priori hypothesis. While all strategies are logically equivalent, they can have power against different alternatives. We suggest a planned, backwards stepwise method, using a testing cascade of three likelihood ratio tests. The testing cascade is shown in figure 1 . We chose the cascade shown in Figure 1 as it had higher power to detect fetal rather than maternal effects.
In a study with high power, one can interpret a nonsignificant result as evidence of the veracity of the null hypothesis. We make the assumption here that we have carefully designed a study with power greater than 90%. The first test compares H 0 versus H 3 , and is a 2 test with 3 degrees of freedom. A non-significant result leads us to conclude that neither the maternal nor the fetal genotype affects the miscarriage risk. If the result is significant, we conclude that there is a genetic risk for miscarriage, and continue in our testing, to determine whether the risk is maternal, fetal, or due to both maternal and fetal effects. The second test evaluates the relative likelihood of H 1 and H 3 . It is a 2 test with 2 degrees of freedom. A non-significant result means that the fetal genotype has no effect on the risk of miscarriage, and thus that all the genetic risk must be caused by maternal effects. By contrast, a significant result indicates that the fetal genotype is an important risk factor, and that having only a maternal effect in the model cannot fully explain the pattern of risk. To decide whether a combination of fetal and maternal effects, or only a fetal effect (with no maternal effect) is more likely, we compare the relative likelihood of H 1 and H 0 . This is a 2 test with 1 degree of freedom. A non-significant test shows that there is fetal effect, but no maternal effect. A significant result argues that the maternal and fetal genome both act to affect the risk of miscarriage.
Formulae for the likelihoods under the null and under each alternative are given in the Appendix. For the null, and each alternative, parameter estimation is done using maximum likelihood techniques. The maximum likelihood estimators can be found analytically only in special cases involving zero counts or other boundary conditions. Away from the boundaries, we use a 0.005 stepsized, incremental grid search over the support of the parameters R 4 [0,1] to obtain initial estimates of the values. The initial estimates are then refined using Powell's Set Direction method [27] , modified to run in Mathematica 5.1, © Wolfram Research, Inc. The algorithm is stopped when it reaches the limits of machine accuracy. Convergence is rapid.
We conducted simulation experiments to test the accuracy of the parameter estimation method. We used a total sample size of 500 conceptions, distributed in the mating types assuming Hardy-Weinberg equilibrium and a fixed frequency of 0.2 for a single genetic polymorphism. We assumed a recessively acting allele with an autosomal mode of inheritance. We then fixed a set of representative constant values in the parameter space for the multinomial probabilities for miscarriage. Live births and miscarriage counts were randomly generated for the number of families in each group using the set multinomial probabilities. The counts of live births and miscarriages in each group were passed to the optimization routine and estimates were returned for the four parameter values. The process was repeated 30,000 times and the bias, standard deviation, and root mean squared error (RMSE) were calculated for each parameter. The standard deviation of the estimate describes the precision of the estimate. Bias is the difference between the expected value of the estimate and the true parameter value. The RMSE is a measure of the overall difference between the estimate and the true value, including both bias and imprecision. Results are shown in table 3 , indicating virtually no bias in the estimators and low RMSE in the estimates.
The variance of the estimates in table 3 arises from two sources: the variability due to the maximum likelihood estimation, and the variation due to the number of live births and miscarriages observed for each mating type. We have assured that the variation due to the likelihood maximization is small. However, the variation in the number of live births is relatively larger. Multinomial variation is a function of sample size.
We used a simulation to examine how well the testing cascade worked. The true model in nature is either no genetic effect, a maternal only effect, a fetal only effect, or a combination of maternal and fetal effects. For a fixed sample size of 500 families and conceptions, we chose reasonable values for the parameters for each one of these models. We simulated the number of live births and conceptions, and conducted the hypothesis testing cascade. The results are shown in table 4 .
The accuracy of the testing cascade depends on several factors. These are (1) the number of families in the study; (2) the population frequency of the allele that raises miscarriage risk; (3) the mode of inheritance of that allele; (4) the difference between the miscarriage risk for unaffected mothers and fetuses, and that for pregnancies Results are for 5000 simulated randomized trials of each. where the mother may be affected, the fetus may be affected, or both may be affected, and (5) the choice of the Type 1 error rate ( ␣ level) for each hypothesis test in the testing cascade. For the choices of parameter values and ␣ levels used in the simulation study, the testing cascade detected the true population model more than 94% of the time for the model with no genetic risk, the maternal only model, and for the model where both the mother and the fetal genome affected risk. It was less accurate for a fetal only model. For a real study, it would seem advisable to first run a pilot to estimate the miscarriage rates, and then design a validation study, with carefully chosen allocation of the Type I error rate to maximize the percentage of times the study would select the correct population model. Naturally, with a complex hypothesis testing cascade as proposed here, care must be taken to avoid inflated Type 1 Error rates. Splitting the ␣ level between the various tests allows information about the biology to guide where maximum power will be needed. In our simulations we set ␣ 1 = 0.001 for the comparison of H 0 and H 3 , set ␣ 2 = 0.048 for the comparison of H 1 and H 3 , and set ␣ 3 = 0.001 for the comparison of H 0 and H 1 . The overall Type I error for the set of hypothesis tests is at most ␣ = 0.05 ␣ 1 + ␣ 2 + ␣ 3 .
Example Power Analysis
To see if the modeling method described here would be practical for actual studies, power analyses were conducted for the recessively acting PAI-1 4G allele and the dominantly acting prothrombin G20210A allele. These polymorphisms were chosen because they have been implicated in clotting disorders and because the population frequencies are relatively high. To conduct the power analysis, several simplifying assumptions are necessary. PAI-1 homozygous 4G individuals occur in the population at a rate of about 0.20 [3, [28] [29] [30] [31] . The alleles are assumed to be in Hardy-Weinberg equilibrium, leading to an allele frequency of Ί 0.2 = 0.447. We use an allele frequency for prothrombin G20210A of [32, 33] .
We wanted to assess the ability of our model to differentiate between the null hypothesis, with no genetic effects on the miscarriage rate, and a special case of H 3 , in which either the mother or the fetus, or both having the at risk genotype(s) increased the risk. For the recessive model, we fixed = 0.2, which is roughly the population background miscarriage rate [34] . Recall that is the miscarriage rate when neither the mother nor the fetus are mm . To estimate power, we varied , , and in unison between 0.2 and 0.5, incrementing the value by step sizes of 0.005. For the dominant model, we fixed = 2 and varied , , and between 0.2 and 0.5.
For each given set of parameters, and fixed sample size, we estimated the power using the following steps. Each mating pair was assumed to generate a single conception. For example, with mating assumed to be random and independent of genotype, a sample of 500 matings leads to expected counts of 20 homozygote-homozygote matches, 47 homozygote-homozygote wild-type matches, 123 heterozygote-heterozygote matches, 152 heterozygote-homozygote wild-type matches, 98 heterozygotehomozygote matches, and 60 homozygote wild-type homozygote matches. Using multinomial sampling laws, the numbers of miscarriages and live births in each mating type were randomly assigned. From the resulting data set, maximum likelihood estimates of the rate parameters were calculated; a difference in the -2 log likelihoods for the test of hypotheses was obtained; and finally the acceptance or rejection of the 2 statistic for H 3 versus H 0 at the predetermined ␣ level was recorded. These steps were repeated 1000 times for each value of the parameters. Empirical power was calculated by the number of rejections, divided by 1000.
The power was calculated for 500 conceptions for the dominant prothrombin G20210A polymorphism ( fig. 2 ) , and 500 conceptions for the recessive PAI-1 polymorphism ( fig. 3 ). For samples of size 500 there is roughly 90 8 0.1% power to detect an increase in the miscarriage rate of 0.2, above a background rate of 0.2.
Discussion
It is plausible that familial thrombophilia and hypofibrinolysis play an important role in miscarriage. The genetic predisposition to clotting disorders works in synergism with the estrogen-mediated thrombophilia of pregnancy. The miscarriages occur either through thrombosis of the spiral arteries of the uterus, placental infarcts leading to placental insufficiency, or both [1, 2] . However, an estimate of the risk of miscarriage attributable to thrombophilia-hypofibrinolysis is difficult to obtain. Most parents are never genotyped before attempting a pregnancy. In addition, the number of total miscarriages in humans is strongly underestimated. Many pregnancy losses occur early, often before the woman knows she is pregnant. Even pregnancy losses that are recognized as miscarriages are rarely reported to physicians. This paper examines the problem of heritable thrombophilia-hypofibrinolysis for only one gene. It is possible that many genes act in concert to promote miscarriage. A simple model was chosen because it seems reasonable to first test the hypothesis that a single gene can affect the mother, the baby, and the miscarriage rate. This paper describes an accurate and powerful method for testing the hypothesis that fetal genotype does contribute to the risk of miscarriage. If a study of the type proposed in the paper proves that inherited single gene defects do affect the risk of miscarriage, we can build more complex statistical models that will include other genes, epigenetic factors and time dependent covariates such as estrogen levels.
Our results suggest that a prospective clinical study of the PAI-1 4G allele, the prothrombin G20210A polymorphism, or the V Leiden mutation, using around 500 families would be successful in determining whether fetal genotype, maternal genotype, or both are risk factors for miscarriage. In addition, since the MTHFR CT mutation occurs at roughly the same allele frequency as the genes considered in our power analysis, studies of those genes would also be possible, with slightly higher sample sizes necessary. Thus, we have the tools to examine the maternal and fetal effects for gene mutations commonly implicated as pathoetiologies for miscarriage.
In a classical linear or log-linear model, one can determine the form of interaction., i.e. whether the increase in risk due to maternal and fetal effects is additive, or multiplicative. In our design, which uses maximum likelihood estimation and likelihood ratio tests, we cannot determine the form of the interaction. However, understanding the form of the interaction would make little clinical difference in treatment decisions. Estimated power for a study of PAI-1 4G, a recessively acting allele with an autosomal mode of inheritance. The graph shows the estimated power for the test of no genetic effect against an alternative where there is increased risk if either the mother, the fetus, or both are affected. We assume that the miscarriage rate is 0.2 (the normal background rate) when neither mother or fetus are hypofibrinolytic. When mother or fetus, or both may have thrombophilia or hypofibrinolysis, we vary the miscarriage rate between 0.2 and 0.5. The power to detect an increase in the miscarriage rate of about 0.20 for a sample of 500 families with one conception each is approximately 90%. The power curve is based on 1000 iterations per data point. Fig. 3 . Estimated power for a study of prothrombin G20210A, or V Leiden, a dominantly acting allele with an autosomal mode of inheritance. The graph shows the estimated power for the test of no genetic effect against an alternative where there is increased risk if either the mother, the fetus, or both are affected. We assume that the miscarriage rate is 0.2 (the normal background rate) when neither mother or fetus are affected. When mother or fetus, or both may have hypofibrinolysis or thrombophilia, we vary the miscarriage rate between 0.2 and 0.5. The power to detect an increase in the miscarriage rate of 0.185 for a sample of 500 families with one conception each is approximately 90%. The power curve is based on 1000 iterations per data point.
Information obtained from such a study would lead to a better understanding of how familial hypofibrinolysis or thrombophilia cause miscarriage. Pre-conception genetic counseling would allow the identification of women likely to experience hypofibrinolysis-thrombophilia mediated miscarriage, and also allow the prediction that a fetus could be affected. Knowing the etiology of miscarriage is the key to planning studies of Lovenox thromboprophylaxis [35, 36] . The eventual aim is reduce the incidence of miscarriage.
Appendix
Recall that = Pr{Miscarriage ͉ Mother and fetus are mm } = Pr{Miscarriage ͉ Mother is mm ; fetus is not mm } = Pr{Miscarriage ͉ Mother is not mm ; fetus is mm } = Pr{Miscarriage ͉ Neither mother nor fetus are mm }. (3) The general log likelihood for all models is the product of nine independent binomial or multinomial likelihoods, one for each mating type i D {1, 2, …, 9}. We demonstrate the derivation of the log likelihoods for i = 1 and 2, as examples, and then give the full log likelihood.
When i = 1, the genotypes of the mother, the father and the fetus are all mm . The probability of miscarriage is and the probability of a live birth is 1 -. Thus, the likelihood for this mating type is binomial. Ignoring the constant, the log likelihood is log[ L 1 ( )] = B 1 log( ) + N 1 log(1 -).
When i = 2, the genotype of the mother is mm, the genotype of the father is mM , and the genotype of the fetus is either mm or mM . There are three possible outcomes for the pregnancy. The probability of miscarriage is ( + )/2. The probability of a live birth for fetal genotype mm is (1 -)/2, and the probability of a live birth for fetal genotype mM is (1 -)/2. Again ignoring the constant, the resulting trinomial log likelihood is ( ) 
The log likelihood for the entire study is obtained by adding the nine log likelihoods (one for each mating type), collecting like terms, and dropping most of the additive constants. Thus, 
with miscarriage rate ˆ 0 = 0 if Y = 0, and ˆ 0 = 1 if I = 0.
